INTRODUCTION
The northern parts of Ghana are highly dependent on groundwater resources for various purposes, ranging from domestic use to small-scale irrigation and industrial uses. In some cases, the wells dry out as a result of over-extraction, accompanied by poor enforcement of the regulations on groundwater resources management in the country. The reliance on groundwater in the region will increase further in the very near future following the intensification of the effects of climate change. It is expected that groundwater will be used on a large scale for irrigation activities as part of increasing efforts of the Government of Ghana (GoG) to eradicate hunger, starvation and deprivation. Indeed, one of the pillars of the Savannah Accelerated Development Authority (SADA) of the GoG is to facilitate irrigation projects as a means of reducing poverty amongst the populations in the area (Aliou 2010) . Since surface water resources are scarce in many parts of the region, groundwater availability has been envisaged as the most likely yardstick against which the success of the irrigation industry in the north will be measured. In the light of this, investigations into the groundwater resources potentials of the various aquifers in the three northern regions of the country have intensified in recent times.
The Canadian International Development Agency has sponsored a series of projects in the three northern regions of Ghana to highlight the various locations of high groundwater potential, and the relationship between borehole depth and yield. In the very near future, the Department of Earth Science at the University of Ghana will initiate projects that will use numerical groundwater flow models to determine groundwater potentials in the regions, and recommend various management practices in order to reap the optimum returns from this priceless resource.
Whilst the major concerns have been related to the quantity of groundwater resources that can be extracted in an environmentally sustainable fashion, it is critically important to carry out an extensive evaluation of the major controls on the quality of water delivered by the various aquifers in the three northern regions. This is because groundwater of optimum quality is required for sustainable irrigation and household use. In particular, the salinity of groundwater is one of the critical parameters to consider in evaluating its quality for irrigation, since high-salinity waters have the tendency to destroy irrigation soils. The Voltaian basin is the most extensive in the area and underlies mainly the northern region. It is one of the most complex sedimentary basins in Ghana and supports most of the poverty-stricken populations in Ghana. It is for this reason that a thorough evaluation of the quality of groundwater resources delivered by this vast terrain is critically important as part of the overall evaluation of the groundwater resource base of the terrain.
This study applies multivariate statistical methods and geographical information systems (GIS) to evaluate the major factors affecting groundwater quality in some parts of the Voltaian aquifers in the northern region of Ghana. Conventional methods have also been applied to assess groundwater quality for irrigation purposes in the area. Indeed, the application of multivariate statistical methods in the assessment of water quality control parameters is not new in Ghana. Yidana et al. (2008a) played a pioneering role in applying factor analysis and cluster analysis in the assessment of the sources of variation in the hydrochemistry of surface water resources in the Ankobra basin in southern Ghana. Their study concluded that the hydrochemistry of water in the Ankobra is principally controlled by silicate mineral weathering. Previously, Helstrup et al. (2007) had applied Q-mode hierarchical cluster analysis (HCA) to classify groundwater from some aquifers of the Keta basin and parts of Togo on the basis of their quality. Yidana et al. (2008b) applied multivariate methods and mass balance models to study the controls on groundwater hydrochemistry of some Voltaian aquifers in the Afram Plains area in southern Ghana. Their study revealed that silicate mineral weathering is the major control on groundwater hydrochemistry in the area. Yidana and Yidana (2010) later used ordinary kriging to determine the spatial variation of the various factors affecting groundwater hydrochemistry in the area. They determined that silicate mineral weathering and cation exchange are the most pervasive processes affecting groundwater hydrochemistry in the Afram Plains area. This study is unique in the sense that it applies multivariate statistical analyses to groundwater assessment for the first time in the northern sector of the country.
STUDYAREA

Geology and hydrogeology
Two major hydrogeological formations underlie the study area: the Voltaian and the Lower Birimian with associated intrusives (Fig. 1(a) ). Both geological formations are very important in the water economies of particularly rural areas in Ghana. Rocks of the Birimian System ( Fig. 1(a) ) underlie most of southern, western and northern Ghana, and host most of the gold and diamond deposits in the country. The Birimian consists of metamorphosed volcanic and sedimentary rocks, which form five sub-parallel belts of volcanic rocks separated by broad "basins" of sedimentary rocks. Rocks of the Birimian System have been divided into an older "Lower Birimian", consisting of predominantly metasedimentary rocks, and a younger "Upper Birimian", made up of metavolcanic rocks (Junner 1940) . The rock types present in the Lower Birimian sedimentary belt are greywackes with turbidite features, phyllites, slates, schists, weakly metamorphosed tuffs and sandstones. Some of the phyllites contain pyrite, and finely divided carbonaceous matter is present in most of them. Silicification is common in the phyllites, particularly towards the boundary with the Upper Birimian.
The Upper Birimian volcanic succession consists of lava flows and dyke rocks of basaltic and andesitic composition. Most of these rocks have now been metamorphosed to hornblende-actinolite schists, calcareous chlorite schists and amphibolites (the greenstones) (Kesse 1985) . Pillow structures indicating subaqueous eruption of the original basaltic lavas are commonly observed. Available major and trace element chemical data show that these Birimian metabasalts are tholeiitic. However, felsic volcanic rocks occur in this succession, as well as in the predominantly sedimentary sections. The felsic units include dacitic pyroclastic rocks, minor andesitic and rhyolite flows, and undifferentiated volcanogenic sediments. Minor intrusions of mafic and ultramafic rocks cut the volcanics in some places. Manganese-rich horizons also occur at stratigraphically lower level in the Upper Birimian and have been found in the uppermost Lower Birimian as well.
The Birimian System, which is stratified into Lower and Upper Birimian rocks, extends from the north through the Midwest to the southwestern parts of the country. It consists of isoclinally folded, metamorphosed sediments intercalated with metamorphosed tuff and lava. The tuff and lava are predominantly in the upper parts of the Birimian System whilst the (meta) sediments are mainly contained in the Lower parts of the system. The granite and gneiss, which form part of the Birimian System overly extensive and very well populated areas in the country and are therefore very important in the rural water delivery system. The phyllite, schist, slate, greywacke, tuff and lava are generally foliated and lend water of appreciable quality and quantity for various uses. The Birimian System is part of the crystalline basement aquifer province which underlies about 54% of the total landmass of the country.
Aquifers of the Lower Birimian are located in the northwestern sections of the study area ( Fig. 1(a) ). Rocks of the Birimian are among the most prolific aquifers and have been exploited for most domestic water uses in the country. The hydrogeological properties of aquifers of the Birimian are based on the presence and pervasiveness of fractures and weathering. Where the fractures are extensively connected, the rocks serve as prolific aquifers delivering groundwater of substantial quantity for various uses. The Voltaian Basin covers an area of about 103 600 km 2 ( Fig. 1(a) ). The Voltaian strata are nearly horizontal beds of sandstones, shale, mudstones and conglomerates thought to be of Late Precambrian to Palaeozoic age (Kesse 1985) . In most places, the flat lying Voltaian strata overlie the Birimian rocks with a marked angular unconformity. Junner and Hirst (1946) subdivided the Voltaian sediments on the basis of lithology and field relationships into Lower, Middle and Upper units. The Lower Voltaian sediments represent a marine transgression-regression cycle on the craton, whereas the Middle Voltaian records a glacial event followed by prolonged marine incursion and subsidence of the basin. In the eastern part of the basin, the adjacent Togo Belt crops out. The Upper Voltaian, otherwise known as the Obosum Formation, is thickest and coarsest in the southeast. The conglomerates contain pebbles of granite and other igneous rocks, as well as quartzite fragments. Sedimentary structures show the direction of transport to have been from the southeast. The Obosum beds are molasse deposits formed by the erosion of the Togo Series following its uplift in the Pan African event.
Rocks of the Middle Voltaian underlie about two-thirds of the study area and comprise interbedded mudstones/siltstones, sandstones, arkose and conglomerate (Dapaah-Siakwan and Gyau-Boakye 2000) . These are generally flat-lying and inherently impermeable, except in a few locations. Due to the general absence of primary permeabilities in the rock, the hydrogeological conditions are based on the presence and intensity of weathering and fracturing. The success rate for drilling boreholes through these rocks in the northern region is about 56% and the average borehole yield is 3.6 m 3 /h. Borehole depth in the study area ranges between 21.0 and 99 m. Well and borehole yield ranges between 0.3 and 12.0 m 3 /h. There is no discernible relationship between borehole depth and yield based on the data collected for this study. This is largely owed to the fact that the structural entities that control the aquifer properties of the rocks in the area do not appear to depend on the depth. In the Savelugu area, aquifer transmissivity among the sandstones is in the range 0.1-52.0 m 2 /d. In the siltstone and mudstone aquifers, transmissivity is in the range 0.2-16.0 m 2 /d. Generally, there is a strong relationship between aquifer transmissivity and specific capacity among the Voltaian aquifers in Ghana. In the study area, the relationship between these two crucial hydrogeological parameters in the Savelugu area is summarized as:
This is similar to the relationship derived for the two parameters for the Voltaian aquifers in the Afram Plains area (Yidana et al. 2008b) . Annual rainfall generally ranges between 900 mm and 1100 mm in the area, whilst temperatures can reach as high as 40 • C in the dry season. Relative humidity is usually lower than 100% during much of the year. Groundwater recharge in the area has not been determined with certainty but Lutz et al. (2007) used a steady state groundwater flow model to estimate groundwater recharge among similar rocks in the Nabogo area to be about 3.8% of the annual precipitation. Yidana (2011) estimated groundwater recharge in the same rock types in the Afram Plains area to range between 0.9 and 6.0% of annual precipitation.
Agriculture is the major source of employment in the area, and employs a huge percentage of the population. The northern sector of the country is popularly referred to as the food basket of the nation due to the huge quantities of food crops produced annually in the northern sector alone.
METHODOLOGY
Data on the physico-chemical parameters of groundwater from the study area was obtained from the regional office of the Community Water and Sanitation Agency in Tamale, Northern Region, Ghana. Figure 1 (b) shows the sample locations of the data used for this study. The raw concentrations were subjected to internal consistency tests/analysis using the charge balance error (CBE) approach:
where the concentrations of the ions are in meq/L. It is generally recommended that for internal consistency, the sum of the concentrations of the cations (in meq/L) need to balance that of the anions (in meq/L). Optimal analysis results in cation-anion difference of not more than 5% (Appelo and Postma 2005) . Therefore, any samples which do not meet this CBE criterion would be dropped in the analysis. Fortunately, in this study, all the samples had CBE values within the acceptable limit of ±5%. This is because the CWSA has its own quality control measures that ensure that the resulting hydrochemical data are balanced electrochemically.
Normal distribution and homogeneity are key requirements of optimal multivariate statistical analyses. However, the data for most of the parameters deviate significantly from normal distribution. They were therefore standardized to their corresponding z scores prior to the application of multivariate methods:
where x, µ, s are respectively the value of the parameter, the mean, and standard deviation of the data for parameter. Data homogeneity is essential in both factor and cluster analyses. This is because the analyses make sense when the distributions of the data for each parameter are uniform with very low standard deviations. However, since most hydrochemical parameters are positively skewed, data standardization is often advised. For instance, in the computation of Euclidean distances during hierarchical cluster analysis, the result is usually biased in favour of the parameters with the highest variances in their data distributions.
The z scores were subjected to R-mode factor analysis whereby principal components analysis was chosen as the factor extraction method and varimax rotation was used to maximize the differences among the resulting factors. The Kaiser (1960) criterion was used during the first run, to determine the maximum number of factors that needed to be included in the factor model. This criterion requires that each worthy factor in the analysis has an eigenvalue of at least 1 in order to be included in the final factor model. This is because an eligible factor in the model should account for at least one initial parameter in the analysis. Naturally, it is possible to obtain as many factors as there are parameters (variables) in the analysis. However, most of the factors computed in this way will constitute only 'noise' and will not represent any significant process controlling the variation in the data. The communalities were used to drop variables which did not contribute significantly to the factor model. In this study, a critical limit of 0.5 was chosen to limit variables that could be used in the analysis. In addition, variables (parameters) that loaded highly (≥0.5) in more than one factor were dropped. This is because such variables tend to cloud the interpretations of the orientation of the factor model. The final model and communalities of the variables are presented later (Table 2) .
Factor scores were calculated for each of the factors in the resulting factor model. These scores provide an indication of the intensity of the process (or processes) that control a particular factor at all the sampled locations of the study area. The resulting factor scores were used to generate interpolation maps for the study area. This facilitated the interpretation of the spatial distribution of the intensities of the various significant processes in the hydrochemistry.
Q-mode hierarchical cluster analysis (HCA) was applied to the z scores. There are two major forms of hierarchical cluster analysis. One can cluster the parameters (variables) or the sample locations in cluster analysis. The process of clustering the samples is what Davis (1986) referred to as the Qmode HCA. This enables one to distinguish spatial groundwater types (or associations) in the study region. The squared Euclidean distances were used as initial measures of similarity/dissimilarity, whilst Ward's agglomeration technique was used to link initial clusters. There are many similarity/dissimilarity measures and agglomeration techniques available in cluster analysis. However, the combination of the Euclidean distances as similarity/dissimilarity measure and the Ward's agglomeration method has been determined to yield optimal results in HCA (Davis 1986 , Yidana 2010 ).
Piper diagrams (Piper 1944 ) and associated conventional graphs and plots were developed from the data in order to corroborate the results of the multivariate statistical analyses. In addition, mineral speciation calculations were performed using PHREEQC (Parkhurst and Appelo 1999 ). The saturation indices of possible minerals in the rock matrix were calculated. Moreover, the molar concentrations of silica and the major cations were used to draw silicate mineral stability diagrams to highlight the most stable silicate mineral phases in the system.
The irrigation quality of groundwater was assessed using the sodium adsorption ratio (SAR) (equation (4)) (Appelo and Postma 2005) , the EC, the residual sodium carbonate (RSC) (equation (5)), and permeability index (PI) (equation (6)):
where the concentrations of the major cations are in mmol/L.
where the concentrations are in meq/L.
A Doneen chart was plotted using the PI data and the total ionic concentrations, to assist in the assessment of the probable effects of groundwater from the study area on soil hydraulic properties when used for irrigation.
RESULTS AND DISCUSSION
Statistical summaries of the parameters are presented in Table 1 . The National standards for each of the parameters are also presented in Table 1 . There is currently no standard for EC, but the maximum permissible total dissolved solids (TDS) concentration in potable water in Ghana is 1000 mg/L. The maximum, minimum, mean, and median EC values in Table 1 therefore correspond with TDS values of 2634.0, 69.6, 481.2 and 369.6 mg/L. The highest TDS and EC values are associated with Zinsunayili in Savelugu. This location is also associated with the highest measures of all the major parameters except NO 3 -N and F -, whose concentrations are respectively 0.75 and 2.30 mg/L in the area. The concentration of the F -ion in the area is higher than the national maximum permissible limit of 1.5 mg/L. The depth of the well in Zinsunayili is 48 m and may not be associated with contamination issues. The high measures of the ions may therefore be associated with mineral weathering processes. In the specific case of the F -ion, fluorite is the most likely parent mineral in the rock matrix. Complex mineral reaction processes such as cation exchange distort the relationship between Ca 2+ and F -in groundwater from the study area. Due to the high TDS and F -levels in this well, the groundwater is not suitable for drinking purposes. The concentrations of Fe (0.71 mg/L) and Mn (0.95 mg/L) are also beyond the acceptable levels for drinking purposes. The major cations including Ca 2+ , Mg 2+ , Na + exceed their maximum permissible limits in this well. Although these ions are not usually associated with critical health concerns, their presence in high concentrations render the water saline in taste, and physiologically unattractive. Concentrations of the major physico-chemical parameters at most of the locations are lower than the recommended values for potable water. This is clearly indicated by the mean and median concentrations in Table 1 . It is obvious that there is a high standard deviation associated with the distribution of EC values in the study area. The high standard deviation bears testimony to the fact that the high values of EC are only confined to a few locations. The highest nitrate concentration of 27.20 mg/L in the study area was recorded in a community in Bole, and represents a local case of contamination from sewage. Well head protection in the area is poor and the aquifers are subject to contamination from surface activities. The highest Fe concentration of 1.97 mg/L is in Tindang in the Savelugu-Nantong district, and may be related to the dissolution of iron containing minerals in the sediments. The EC in this well is 2720 µS/cm corresponding to an approximate TDS of 1632 mg/L, which is beyond the minimum permissible for drinking purposes. The concentrations of lead are below the maximum permissible concentrations of this major element in potable water at all locations of the study area.
Results of the R-mode factor analysis are summarized in Table 2 , which presents the various factors and their corresponding loadings under each parameter. The factor model makes sense when the parameters have high communalities. Accordingly, a critical lower limit of 0.5 was set in this study as a prerequisite for inclusion in the final factor model. Parameters with communalities lower than 0.5 (50%) were dropped. This ensured that the final model included only variables with significant contributions to direction of the orthogonal factors. Manganese (Mn), Fe, and Pb were not included in the multivariate analyses because their concentrations at most of the locations were below detection. It is also obvious in Table 2 that Ca  2+ , HCO 3  -, CO 3 2-, and NO 3 -were not included in the final factor model. This is because these ions either loaded highly in more than one factor or had communalities less than 0.5 (50%) (Table 2(b)). When a variable loads highly in more than one factor, the effects of that variable are said to been duplicated, rendering its unique contribution of no consequence. This was avoided as much as possible in this research. In the final model, there are two factors which account for 73% of the total variance in the hydrochemistry (Table 2(c)). Factor 1 alone accounts for about 48% of the variance in the hydrochemistry of groundwater in the study area. It has high positive loadings for Na + , SO 4 2-, and F -, and a high negative loading for SiO 2 . It is obvious that Factor 1 represents a process which retards the generation of silica from silicate mineral weathering. There is a strong correlation among Na + , SO 4 2-, Cl -, and F -( Table 3 ), suggesting that Factor 1 probably represents the dissolution of accessory minerals in the saturated and unsaturated zones. This is the principal factor responsible for the generation of the major ions listed above. A Na-Cl plot (Fig. 2) suggests that the dissolution of halite does not account for all the dissolved Na + in the groundwater system. Most of the samples plot within the Na + side of the diagram, indicating that reverse cation exchange processes and other Na-rich mineral weathering processes are responsible for Na + ion enrichment in the aquifers. The dissolution of halite is rather restricted to areas in the geology where this mineral is present. Apart from the dissolution of halite, the only source of Cl -in the aquifers is the dissolution of atmospheric aerosols in precipitation. The high positive loading of F -with Factor 1 suggests that the enrichment of this ion is owed to the dissolution of accessory minerals such as villiamite which has been noted to be a constituent of that type of lithology. It is certainly on account of this that there is a high positive correlation between the Na + and F -ions. Fluorapatite has also been noted in the lithology as an accessory mineral in studies elsewhere (Acheampong 1996) . It is the weathering of these accessory minerals that is amply captured in Factor 1 of the factor model. A plot of Na+K−Cl (meq/L) in the abscissa and Ca+Mg−SO 4 −HCO 3 −CO 3 (meq/L) in the ordinate (Fig. 3) was used to assess the possibility of cation exchange as a contributory factor to the concentration of Na + ions in the groundwater system. The Na+K−Cl index represents the sum of the concentrations of Na + and K + minus the respective chlorides of these cations, whilst the Ca+Mg−SO 4 −HCO 3 −CO 3 index represents the sum of the concentrations of Ca and Mg minus their respective sulfates and carbonates. A plot of these two indices against each other will indicate whether they increase in tandem or vary inversely. If the plot yields a straight line of slope = −1 and the data plot away from the origin, the suggestion is that cation exchange reactions probably play a significant role in the hydrochemistry (Jalali 2007 , Yidana 2008 . Where these reactions do not contribute significantly to the hydrochemistry, the data will plot close to the origin and the slope will be significantly different from −1. In Fig. 3 , cation exchange is amply implied in the relationships illustrated. Similar findings were noted in the southern Voltaian (Yidana 2008) . Cation exchange activity is predominant in areas where clay size particles are available to provide large enough surface areas for such exchanges to occur. Figure 4 plots the Ca 2+ concentration against the HCO 3 -concentration, and corroborates explanations for Fig. 3 , which suggests that cation exchange probably plays a role in the hydrochemistry.
The second factor has high positive loadings for Mg 2+ and K + ions. There is also a positive, albeit a weak correlation of Factor 2 with SiO 2 a 0.342. It represents the weathering of silicate minerals, especially micas in the hydrochemistry. It is an interesting discovery that silicate mineral weathering ranks second after the weathering of accessory minerals among the factors that control groundwater hydrochemistry in the north. Studies on the hydrochemistry of groundwater from the other major hydrogeological terrains suggest silicate mineral weathering as the major source of variance in the hydrochemistry. This finding is probably on account of the lithology which is predominantly made of clastic sediments rich in these accessory minerals. Silicate mineral weathering is a very slow process which takes several million years to contribute significantly to groundwater hydrochemistry (Drever 1988, Appelo and Postma 2005) . The finding also lends credence to the assertion that groundwater in the Voltaian aquifers is generally young and meteoric. As a result of the short residence time of the groundwater in the aquifers, the contribution of silicate mineral weathering to the hydrochemistry is lower than the contributions of other processes such as the weathering of accessory minerals which are much easier to dissolve in groundwater. It is the general thesis in the hydrochemistry of Ghana that where the quality is controlled mainly by the weathering of silicate minerals, the concentrations of ions are rather low.
A Gibbs (1970) diagram plotted for all the data suggests that rock weathering is the major source of the dissolved ions in the groundwater of the study area (Fig. 5) . This corroborates the finding in the discussions of factors 1 and 2 above. The total dissolved solids content is generally low, and the ratio of the concentration of the Na + ion and the sum of the major cations suggest rock-water interactions as being the major cause of the variation in the hydrochemistry. Aquifers of sedimentary origin underlie a huge proportion of the study area. Many accessory minerals including halite, gypsum and barite are contained in the sandstones, shale, and mudstone aquifers in variable quantities in addition to some low temperature feldspars and micas. Where silicate mineral weathering is the predominant source of variation in the hydrochemistry, the concentrations of the ions are usually very low due to the slow process of silicate mineral weathering.
The spatial variations of the processes in factors 1 and 2 are illustrated by means of the factor score interpolation maps in Fig. 6(a) and (b) . Figure 6(a) shows the distribution of the factor scores for Factor 1 and suggests that the severity of accessory mineral weathering is concentrated in the aquifers of the Voltaian rocks, which is not unexpected on grounds of the lithology. Scores for Factor 1 range between −0.54 and 0.63, with over 50% of the area within the positive factor score region. The sedimentary units of the Voltaian, by their nature and depositional history, are inherently rich in the accessory minerals, which lend themselves to easy chemical disintegration. The effects are more pervasive in the northern sections of the study area around Savelugu and surrounding communities, extending to the eastern portions. Even within the Voltaian, the severity of Factor 1 varies with the lithology.
The effects of Factor 1 are highest amongst the Obosum and Oti beds (Middle Voltaian) in the middle, eastern and northern parts of the study area, and low within the Upper and Lower Voltaian aquifers in the western parts of the Voltaian. The Obosum and Oti beds are highly heterogeneous and consist of a mixture of sandstones, mudstones, shale and conglomerates of variable composition. The Upper and Lower Voltaian on the other hand, are composed of mainly sandstones which are relatively fresh and jointed in the Lower Voltaian, and fractured in the Upper Voltaian. Although detailed petrographic analyses of these rocks are not within the scope of this paper, the compositional characteristics of the rocks forming each of the major hydrostratigraphic units suggests that Obosum and Oti beds are more likely to be richer in the accessory minerals than the other two subdivisions of the Voltaian. There is therefore a marked differentiation in the distribution of the scores of Factor 1, whereby the Lower Birimian is distinctly low (−0.54 to −0.30). The Upper and Lower Voltaian form narrow strips to the west of the study area and are respectively characterized by factor scores in the range of −0.30 to −0.23 and −0.23 to −0.07, respectively (Fig. 6(a) ). The high fluoride concentrations in groundwater from some aquifers in the Savelugu area could therefore be attributed to the weathering of these accessory minerals in the aquifers.
The distinction among the various lithologies in terms of the hydrochemistry is not as apparent in Fig. 6(b) as is obvious in Fig. 6(a) . Just as in the case of Factor 1, the effects of Factor 2 are more pervasive in the eastern and northern parts of the area within the Obosum and Oti beds, and lowest within the Lower Birimian aquifers in the west of the study area. Factor scores range between −0.30 and 0.68 which suggest relatively passive to high effects of silicate mineral weathering in the area. The dominance of the Voltaian aquifers in both factors suggests that the Voltaian rocks are much more prone to chemical weathering than the Birimian aquifers. This is probably due to the differences in the residence times of groundwater in both terrains. The effects of Factor 2 on the Birimian rocks, are however more pervasive than those of Factor 1, suggesting that silicate mineral weathering in Birimian is more prominent than the weathering of accessory minerals.
The Q-mode HCA resulted in a dendrogram (Fig. 7) . Three major hydrochemical associations are clearly apparent in Fig. 7 . Group 3 is further subdivided into two subgroups. This subdivision resulted when a phenon line was drawn across the dendrogram at a linkage distance of approximately 10. Higher or fewer clusters can be generated by moving the position of the phenon line up or down the dendrogram. All the clusters represent Na-K-HCO 3 groundwater types of variable compositions. These compositional types typically represent intermediate groundwaters in the flow regime. Na-K-HCO 3 can also result from cation exchange processes whereby Na + and K + are preferentially desorbed into the groundwater system. In Fig. 7 , the samples are clearly differentiated on the basis of geology. With the exception of Group 3b which is from the Birimian aquifers in the southern part of the Upper West region, all the clusters belong predominantly to the Voltaian aquifers. Aquifers of the Birimian intrusives deliver groundwater of generally low ionic concentrations because hydrochemistry is largely due to the weathering of silicate minerals. It is on account of this that Group 3b has the lowest average EC value of all the clusters. Indeed the average EC in Group 3b is less than one half of the averages computed for the other three clusters in the dendrogram, suggesting generally low ionic compositions in Group 3b. Group 1 has the highest EC of all the water groups (EC = 1204 µS/cm) and has characteristically the highest concentrations of the Na + and HCO 3 -ions. Group 1 members are drawn primarily from the Oti and Obosum beds which have been noted to record the high impacts of mineral weathering (Fig. 6(a) and  (b) ). There are no marked differences in the distribution of the average EC values amongst groups 1, 2 and 3a members.
In Fig. 8 , the averages of the major hydrochemical parameters of the four water types are plotted on a Schoeller diagram. Groups 1, 2, and 3a follow Fig. 7 Dendrogram from the Q-mode HCA. the same trend in respect of the distribution of the physico-chemical parameters. There is a big contrast in the concentrations of the alkali and alkali earth metals in the hydrochemistry. This disparity is highest in group 3a, and is attributed to cation exchange processes in the aquifers (Fig. 4) whereby the alkaline earth metals are preferentially adsorbed onto the cation exchange surfaces, and the alkali metals are desorbed. Appelo and Postma (2005) suggest that Na-HCO 3 water types are usually characterized by high pH (higher than 8) due to the dissolution on calcite on account of reduced Ca 2+ concentration in the groundwater system. This appears to be the case in the study areas, especially in the Voltaian aquifers. The highest pH of 8.49 is recorded in group 3a, which has the largest contrast between the alkali and alkaline earth metals in the study area. The lowest average pH values are in groups 1 and 3b which are respectively 8 and 8.05. In the case of the Birimian aquifers, the high pH values are likely associated with the hydrolysis of the HCO 3 -ion in the aquifers. Generally, the selection of the Ca 2+ ion relative to Na + is dependent on the total solute concentration of the medium. The Ca 2+ ion is preferred more strongly by the exchanger than the Na + ion when the total solute concentration decreases (Appelo and Postma 2005) . Consequently, when the clay suspension of a solution containing both Na + and Ca 2+ is diluted, the concentration of the adsorbed Ca 2+ decreases whilst the concentration of this ion in solution decreases (Appelo and Postma 2005) . The exchanger will preferentially dislodge the Na + and adsorb Ca 2+ much more strongly.
The Piper (1944) diagram in Fig. 9 corroborates the findings from the HCA that the major groundwater type in the study area is the Na-K-HCO 3 type, although about 30% of the samples are Ca-Mg-HCO 3 water types. There is a marked preponderance of the alkali metals over the alkaline earth metals in the hydrochemistry of groundwater in the study area. At the pH range, the HCO 3 -is the most likely carbonate species in the groundwater system, and as is obvious from Fig. 9 , it is the most predominant anion. There appears to be an evolution process whereby Ca-HCO 3 water types, characteristic of groundwater in the recharge areas, evolve to the Na-K-HCO 3 water types through reverse cation exchange processes in the aquifers. Most of the Ca-Mg-HCO 3 water types are associated with the samples from the Birimian aquifers. This observation supports earlier suggestions from the HCA that the Group 3b waters which are predominantly from the Birimian, have the lowest EC, which in itself indicates recharge area type groundwaters.
Clay mineral surfaces provide a large surface area for ion exchange activity. Mineral stability diagrams developed from the data for this study (Figs 10 and 11) suggest that montmorillonite is the most stable clay mineral phase in the system. The samples preferentially plot within the montmorillonite field as against kaolinite. The predominance of montmorillonite in the system has significance in terms of cation exchange processes and groundwater flow. Where montmorillonite is the most significant clay mineral, groundwater flow is expected to be restricted, as pertains in the Voltaian aquifers. In addition, montmorillonite is a better medium for cation exchange processes than kaolinite. Indeed the cation exchange capacity of montmorillonite (800-1200 meq/kg) is several orders of magnitude higher than that of kaolinite (30-150 meq/kg) (Appelo and Postma 2005) . It is probably on account of the high preponderance of montmorillonite in the system that cation exchange activity is strong in the aquifers in the study area. The presence of clay minerals in the aquifers is usually related to incongruent silicate mineral weathering. Where groundwater flow in the aquifers is relatively restricted in a silicate terrain, the length of time for the contact between the rock and groundwater is expected to be high leading to the leaching of enough silica to form montmorillonite which is richer in silica than kaolinite.
Irrigation quality of groundwater from the aquifers
The cation exchange activity involving the various major cations will have an effect on the quality of groundwater for irrigation. The presence of sodium ion in excess of the concentrations of the calcium and magnesium ions will raise the values of the SAR, thereby rendering the water unsuitable for irrigation activities. The presence of the Na + in excess, affects plants both physically and chemically. From the physical point of view, high Na + ion concentrations in irrigation waters will reduce the osmotic pressure of plants and thereby hinder their ability to transmit water to their leaves and branches. Chemically, high concentrations of these ions can affect plant metabolism over the long haul. Excessively high salinity waters also have the capacity to reduce the osmotic pressure of plants, and thereby affect the ability of the plants to absorb nutrients and water (Saleh et al. 2001) .
The United States Salinity Laboratory's (USSL 1954) plot presents the relationship between SAR (sodicity) and EC (salinity) and divides irrigation waters into categories with ascribed irrigation qualities. This plot has been used copiously in the literature to categorize irrigation waters based on the SAR and salinities (e.g. Jalali 2007, Arumugam and Elangovan 2009) . Figure 12 shows the distribution of the data from the study area on the USSL (1954) diagram. Over 65% of the samples plot within the C1-S1 (low sodicity-low salinity) and C2-S1 (medium salinitylow sodicity) irrigation waters. All the samples from the Birimian aquifers fall within this category. The Birimian aquifers in the study area therefore present excellent irrigation water types which do not present prospects of causing soil dispersion and associated effects. About 8% of the samples are within the marginal water (C3-S1) type which can be used conveniently in well drained soils because of the high salinities associated with these waters. Seven (6%) of the samples are within the C3-S4 (high salinity-very high sodicity) water category, whilst 1% fall within the C4-S4 (very high salinity-very high sodicity) water type. Neither water type may be used for irrigation under any condition without prior treatment to remove the excess salinity and sodicity. These water types are drawn largely from the Obosum beds in the study area. The high SAR in these waters are attributed first to the dissolution of accessory minerals, predominantly the halite and cation exchange activity, which tends to increase the concentrations of the Na + ion relative to the sum of the concentrations of Ca 2+ and Mg 2+ ions. Thirteen percent (13%) of the samples plot within the C3-S2 category which represents irrigation waters of marginal quality which could be slightly diluted to serve good irrigation purposes. Two percent (2%), 2%, and 3% of the samples respectively plot within the C2-S2 (acceptable), C3-S3 (unacceptable), and C4-S3 (unacceptable) irrigation water categories.
A Doneen chart divides irrigation waters into three major types on the basis of the PI and total ions in solution in meq/L. Class I waters present low PI values and are the best water types for irrigation. Class II waters are acceptable for irrigation but lower in quality compared to Class I. Class III waters are unacceptable and may not be used for irrigation. This is because of high proportions of the Na + and HCO 3 -ions which will certainly have deleterious effects on the hydraulic properties of soils when used as irrigation waters over time. Figure 13 is the Doneen chart for samples from the study area. Over 60% of the samples fall within the Class III category, suggesting that majority of the wells do not present groundwater of adequate quality for irrigation. Eleven percent (11%) and 21% respectively of the samples fall within classes I and II, suggesting that only 32% are within acceptable limits for irrigation in the study area.
The samples were also evaluated on the basis of the RSC. Waters with RSC less than 1.25 present excellent irrigation qualities. When the RSC lies between 1.25 and 2.50, the water is acceptable for irrigation. However, irrigation waters with RSC values higher than 2.50 may not be used for irrigation due to a significant excess of the bicarbonate and carbonate ions over the sum of Mg 2+ and Ca 2+ ions. The problem of high HCO 3 -and CO 3 2-ions in irrigation waters is that it hampers the osmotic pressure of plants and thus reduce crop productivity over time.
An analysis of the data from the study area suggests that 34% of the samples present RSC values higher than 2.50 and are therefore unsuitable for irrigation. Forty-two percent (42%) of the samples have RSC values lower than 1.25, whilst the remaining samples fall within the intermediate irrigation water types. The HCO 3 -ion is the most abundant of all the anions in the study area. Several sources can be adduced to account for this. This ion is one of the by-products of the incongruent weathering of silicate minerals (Fig. 6(b) ). It is also produced on account of the weathering of carbonate minerals. Most of the samples with unacceptable RSC values are associated with the Obosum beds where the HCO 3 -ion concentrations are high.
CONCLUSION
Groundwater quality in the northern region is largely controlled by mineral weathering processes, with the dissolution of accessory minerals predominating incongruent weathering of silicate minerals. This study finds that the intensity of mineral weathering processes is highest within aquifers of the Obosum beds and lowest among the Birimian sediments and granitic aquifers. Factor score maps produced in this study reproduce the hydrogeological map of the region of the study. Four major spatial groundwater relationships have been established in this study. All four groundwater associations are Na-K-HCO 3 which is the predominant water type in the area. Na-K-HCO 3 water types resulted from cation exchange processes whereby Na + and K + ions are released into the groundwater system whilst the Ca 2+ and Mg 2+ ions are adsorbed onto cation exchange surfaces. The four groundwater types are distinguished on the basis of salinity (EC) values and identify with the major hydrostratigraphic units in the study area. The highest salinity groundwaters are in the Obosum and Oti beds, suggesting that these are the most easily weathered aquifer types in the area. Cation exchange activity is enhanced in the area due to the presence of montmorillonite and kaolinite which have been produced over time on account of incongruent silicate mineral weathering processes. The dominance of the Na + ion over the other major cations has affected the quality of groundwater from the study area for irrigation activities due to high SAR values and high salinities in some areas. The best groundwater types for irrigation are obtained from the Birimian aquifers which generally produce low salinity groundwater types.
